
US 20030152110A1 

(12) Patent Application Publication (10) Pub. No.: US 2003/0152110 A1 
(19) United States 

Rune (43) Pub. Date: Aug. 14, 2003 

(54) SYNCHRONIZATION OF REMOTE 
NETWORK NODES 

(76) Inventor: Johan Rune, Lidingo (SE) 

Correspondence Address: 
Ronald L. Grudziecki 
BURNS, DOANE, SWECKER & MATHIS, 
L.L.P. 
P.O. Box 1404 
Alexandria, VA 22313-1404 (US) 

(21) 

(22) 

Appl. No.: 10/067,838 

Filed: Feb. 8, 2002 

Publication Classi?cation 

Int. Cl.7 ...................................................... .. H04J 3/06 

US. Cl. .......................................... .. 370/509; 370/516 
(51) 
(52) 

(57) 
In a network which includes a plurality of nodes with 
unsynchroniZed clocks, a message which is used by the 

ABSTRACT 

destination node to determine the offset of the destination 
node’s clock relative to the source node’s clock is sent along 
a route between the source node and the destination node. At 

each node along the route it is determined whether the 
particular node is a slave node with respect to the node 
which transmitted the message to the particular node or 
whether the particular node is a slave node with respect to 
the node to which the message is to be forwarded. If the 
particular node is a slave node with respect to the node 
which forwarded the message, the node adds an offset with 
respect to the master node to the accumulated offset in the 
message. If the node is a slave node with respect to the node 
to which the message is to be forwarded, the node subtracts 
an offset with respect to the master node from the accumu 

lated offset in the message. The result of the additions and 
subtractions of the offset are included as an accumulated 

offset in the message and forwarded to the neXt node in the 
route. When the message is received by the destination node, 
the destination node can use the accumulated offsets to 
determine the relative offset with respect to the source node. 
The source node and destination node can then exchange 
time information which is meaningful to both nodes. 
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SYNCHRONIZATION OF REMOTE NETWORK 
NODES 

BACKGROUND 

[0001] The present invention relates to ad-hoc networks. 
More particularly, the present invention relates to clock 
synchronization in ad-hoc networks. 

[0002] Conventional networking protocols are based on 
the characteristics and/or features of ?xed networks. In ?xed 
networks, the network con?guration typically does not 
change. Although nodes can be added and removed in ?xed 
networks, the route traveled by data packets between two 
nodes typically does not change. The disadvantage is that 
?xed networks cannot be easily recon?gured to account for 
increases in data traf?c, also called system loading. Accord 
ingly, when system loading increases for one node, the 
surrounding nodes are likely to experience increased delays 
in the transmission and reception of data. 

[0003] In contrast to ?xed networks, ad-hoc networks are 
dynamic. An ad-hoc network is formed when a number of 
nodes decide to join together to form a network. Since nodes 
in ad-hoc networks operate as both hosts and routers, ad-hoc 
networks do not require the infrastructure required by ?xed 
networks. Accordingly, ad-hoc networking protocols are 
based upon the assumption that nodes may not always be 
located at the same physical location. 

[0004] Bluetooth is an exemplary ad-hoc networking tech 
nology. Bluetooth is an open speci?cation for wireless 
communication of both voice and data. It is based on a 
short-range, universal radio link, and it provides a mecha 
nism to form small ad-hoc groupings of connected devices, 
without a ?xed network infrastructure, including such 
devices as printers, PDAs, desktop computers, FAX 
machines, keyboards, joysticks, telephones or virtually any 
digital device. Bluetooth operates in the unlicenced 2.4 GHZ 
Industrial-Scienti?c-Medical (ISM) band. 

[0005] FIG. 1 illustrates a Bluetooth piconet. Apiconet is 
a collection of digital devices, such as any of those men 
tioned above, connected using Bluetooth technology in an 
ad-hoc fashion. A piconet is initially formed with two 
connected devices, herein referred to as nodes. Apiconet can 
include up to eight nodes. In each piconet, for example 
piconet 100, there exists one master node and one or more 
slave nodes. In FIG. 1 Bluetooth unit 101 is a master node 
and Bluetooth unit 102 is a slave node. 

[0006] According to Bluetooth technology, the only node 
in a piconet which a slave node can communicate directly 
with is a master node. FIG. 2 illustrates a piconet with a 
master node 201 and a plurality of slave nodes 202-208 
arranged in a star network topology. If slave node 202 
wishes to communicate with slave node 206, slave node 202 
would have to transmit the information it wished to com 
municate to master node 201. Master node 201 then trans 
mits the information to slave node 206. In addition to being 
classi?ed as a master node and slave node, a node may be 
classi?ed as an idle node. An idle node is a node which is not 
currently participating in a piconet. 

[0007] A scatternet is formed by multiple independent and 
unsynchroniZed piconets. FIG. 3 illustrates an exemplary 
scatternet 300. In FIG. 3, piconet 1 includes a master node 
303 and the slave nodes 301, 302 and 304; piconet 2 includes 
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the master node 305 and the slave nodes 304, 306, 307 and 
308; and piconet 3 includes the master node 309 and the 
slave nodes 308, 310 and 311. To implement a scatternet it 
is necessary to use nodes which are members of more than 
one piconet. Such nodes are herein referred to as forwarding 
nodes. If, for example, node 301 wishes to communicate 
with node 310, then nodes 304 and 308 might act as 
forwarding nodes by forwarding data between the two 
piconets and in particular between nodes 301 and 310. For 
example, node 301 transfers the information to the master 
node of piconet 1 node 303. Master node 303 transmits the 
information to forwarding node 304. Forwarding node 304 
then forwards the information to master node 305, which in 
turn, transmits the information to forwarding node 308. 
Forwarding node 308 forwards the information to master 
node 309 which transmits the information to the destination 
node 310. Although not illustrated in FIG. 3, it should be 
recogniZed that a node may act as the master in one piconet 
and a slave in another piconet. 

[0008] Bluetooth nodes communicate using a frequency 
hopping scheme which consists of 79 separate frequencies. 
The particular frequency hop sequence for a piconet is based 
upon the address of the master node, and the phase of the 
frequency hop sequence is based on the clock of the master 
node. Therefore, proximate piconets may operate based on 
different frequency hop sequences. Having only a single 
transceiver, a Bluetooth node can only be active in one 
piconet at a time. Thus, participation in multiple piconets is 
performed on a time division basis. 

[0009] When temporarily “leaving” a piconet to be active 
in another piconet, a node may take measures to avoid being 
polled by the master node of the piconet from which it will 
be temporarily absent. Such measures may be to enter the 
HOLD mode, to use the SNIFF mode or to use a mechanism 
dedicated for this purpose. The HOLD mode is a single sleep 
mode period, the duration of which is agreed between the 
master node and the slave node before the slave node enters 
the HOLD mode. If, for instance, the HOLD mode is used 
by a node to facilitate participation in more than one piconet, 
the node enters a HOLD mode in one piconet while partici 
pating in another piconet. For example, after master node 
303 forwards a packet to forwarding node 304, forwarding 
node 304 enters a HOLD mode with respect to piconet 1 and 
participates in piconet 2 so that forwarding node 304 can 
forward the packet to master node 305. The SNIFF mode can 
simply be described as a repetitive cycle of active mode 
behavior, i.e., the slave node listens for transmissions from 
the master node and responds when it is addressed, and a 
sleep mode, i.e., when the master node will not poll the slave 
node and the slave node will not listen for transmissions 
from the master node. The HOLD mode is not repetitive as 
the SNIFF mode. 

[0010] Since many Bluetooth devices are battery powered 
and low power consumption is desirable, the SNIFF and 
HOLD modes are mainly intended to be used to save power. 
The SNIFF and HOLD modes are two of the three power 
saving modes speci?ed in Bluetooth; the third one is the 
PARK mode. All three of them reduce the fraction of the 
time that a Bluetooth slave node has to listen for transmis 
sions from its master node. For more information regarding 
HOLD modes in Bluetooth networks, the interested reader 
should refer to US. Pat. No. 6,026,297 “Contemporaneous 
Connectivity To Multiple Piconets” to Jaap Haartsen, the 



US 2003/0152110 A1 

entire disclosure of Which is herein expressly incorporated 
by reference. In addition, both the SNIFF mode and the 
HOLD mode are described in the Bluetooth Core 1.0b and 
the Bluetooth Core 1.1 speci?cations from the Bluetooth 
Special Interest Group (SIG), the entire contents of both of 
these documents is herein expressly incorporated by refer 
ence. It Would also be possible for a node to sWitch to 
another piconet Without changing modes or informing the 
master node in the ?rst piconet in any manner. In this case, 
the master node of the piconet from Which the node is 
temporarily absent may Waste capacity on polling the tem 
porarily absent node. Nevertheless, as long as the node 
returns to the ?rst piconet before the master node breaks the 
connection due to lack of responses from the absent node, a 
node may participate in another piconet Without informing 
the master node of the piconet from Which the node is 
absent. 

[0011] Each Bluetooth node has a globally unique 48 bit 
IEEE 802 address. This address, called the Bluetooth Device 
Address (BD_ADDR), is assigned When the Bluetooth node 
is manufactured and it is never changed. In addition, the 
master node of a piconet assigns a local active member 
address (AM_ADDR) to each active member of the piconet. 
The AM_ADDR, Which is only three bits long, is dynami 
cally assigned and deassigned and is unique only Within a 
single piconet. The master node uses the AM_ADDR When 
polling a slave node in a piconet. HoWever, When the slave 
node, triggered by a packet from the master node addressed 
With the slave node’s AM_ADDR, transmits a packet to the 
master node, it includes its oWn AM_ADDR (not the master 
node’s) in the packet header. 

[0012] Even though all data is transmitted in packets, the 
packets can carry both synchronous data, on Synchronous 
Connection Oriented (SCO) links Which is mainly intended 
for voice traf?c, and asynchronous data, on asynchronous 
connectionless links (ACL) links. Depending on the type of 
packet that is used, an acknoWledgment and retransmission 
scheme is used to ensure reliable data transfer, as Well as 
forWard error correction (FEC) in the form of channel 
coding. Due to the time sensitive nature of the data, 
acknoWledgment and retransmission is not employed for 
SCO packets transferring synchronous data. 

[0013] Since ad-hoc netWorks are dynamic, ad-hoc net 
Working technology typically has a neighbor discovery 
feature. The neighbor discovery feature alloWs one node to 
?nd any other node With Which the ?rst node can commu 
nicate, and consequently form an ad-hoc netWork With. A 
neighbor discovery procedure in Bluetooth is knoWn as the 
INQUIRY procedure. Once a Bluetooth node knoWs of a 
neighboring node, a Bluetooth node can connect to the 
neighboring node using the PAGE procedure. 

[0014] The neighbor discovery procedure essentially con 
sists of a ?rst node sending an INQUIRY message and a 
second node responding With an INQUIRY RESPONSE 
message. The INQUIRY RESPONSE message is really an 
FHS (Frequency Hop Synchronization) packet. A FHS 
packet is illustrated in FIG. 4. The FHS packet includes 
?elds for parity bits, loWer address part (LAP), Scan Rep 
etition (SR), Scan Period (SP), upper address part (UAP), 
non-signi?cant address part (NAP), class of device, 
AM_ADDR, internal value of the node’s clock (CLK), and 
Page Scan Mode. The LAP, UAP and NAP together com 
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prise the BD_ADDR. The SR, SP and Page Scan Mode 
?elds are control parameters used during the PAGE proce 
dure. The AM_ADDR ?eld can be used to assign an 
AM_ADDR to a Bluetooth node Which is becoming a slave 
in a piconet, i.e., the AM_ADDR ?eld is used only When the 
FHS packet is used in the PAGE procedure, and the unde 
?ned ?eld is reserved for future use. 

[0015] An FHS packet is also used for other purposes in a 
Bluetooth system, e.g., for synchroniZation of the frequency 
hop channel sequence. By listening for INQUIRY 
RESPONSE messages, the Bluetooth node that initiated the 
INQUIRY procedure can collect the BD_ADDR and inter 
nal clock values, both of Which are included in the FHS 
packet, of the neighboring Bluetooth nodes. Since the ?rst 
node has the BD_ADDR and the clock of the second node 
and the second node does not have this information about the 
?rst node, the ?rst node is the only one Which can initiate the 
PAGE procedure. Accordingly, if the ?rst node determines 
that it should establish a piconet With the second node, the 
?rst node transmits a PAGE message and the second node 
responds With a PAGE RESPONSE message. 

[0016] When a Bluetooth node desires to establish a 
connection With a neighboring node the Bluetooth node 
sends a PAGE message. A PAGE message consists of the 
Device Access Code (DAC) Which is derived from the 
BD_ADDR of the paged Bluetooth node. A Bluetooth node 
receiving a PAGE message including its oWn DAC responds 
With an identical packet, i.e., a packet including only the 
DAC of the paged Bluetooth node. The paging Bluetooth 
node then replies With an FHS packet, including the 
BD_ADDR of the paging Bluetooth node, the current value 
of the internal clock of the paging Bluetooth node, the 
AM_ADDR assigned to the paged Bluetooth node and other 
parameters. The paged Bluetooth node then responds With 
its DAC and thereby the connection betWeen the tWo Blue 
tooth nodes is established. 

[0017] If the paging Bluetooth node is already the master 
of a piconet, the paged Bluetooth node has noW joined this 
piconet as a neW slave node. OtherWise, the tWo Bluetooth 
nodes have just formed a neW piconet With the paging 
Bluetooth node as the master node. Since the INQUIRY 
message does not include any information about its sender, 
in particular not its BD_ADDR, the Bluetooth node that 
initiated the INQUIRY procedure is the only one that can 
initiate a subsequent PAGE procedure. Thus, the Bluetooth 
node initiating an INQUIRY procedure Will also be the 
master of any piconet that is formed as a result of a 
subsequent PAGE procedure. HoWever, if considered nec 
essary, the roles of master and slave can be sWitched using 
a master-slave-sWitch mechanism. This, hoWever, can be a 
complex and extensive procedure, potentially resulting in a 
rede?nition of the entire piconet, involving all other slave 
nodes in the piconet. 

[0018] FIGS. 5A and 5B respectively illustrate the current 
and a proposed protocol stack for Bluetooth nodes. In FIG. 
5A, the protocol stack, from the loWest layer to the highest 
layer, includes the baseband layer, the data link layer includ 
ing the link management protocol (LMP) and the logical link 
control and adaptation protocol (L2CAP), the netWork layer 
and generally the higher layer protocol or the application 
layer. 
[0019] In order to support Internet Protocol (IP) in a 
Bluetooth scatternet, it has been proposed to regard an entire 
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Bluetooth scatternet as an IP subnet. However, to do this 
requires an adaptation layer. Accordingly, FIG. 5B includes 
the proposed network adaptation layer between the data link 
layer and the network layer to allow Bluetooth nodes to 
communicate using IP. 

[0020] Referring again to both FIGS. 5A and 5B, a host 
controller interface (HCI) is between the data link layer and 
the physical layer of the Bluetooth protocol stack. It will be 
recogniZed that the HCI is not in fact a part of the protocol 
stack, but is illustrated in FIGS. 5A and 5B to help eXplain 
the relation of the HCI to the protocol stack. FIG. 6 
illustrates the relationship between the HCI and other com 
ponents of a Bluetooth node. As illustrated in FIG. 6, the 
HCI eXists between the host portion of a Bluetooth node and 
the hardware/?rmware portion of the Bluetooth node. Essen 
tially, the HCI allows the Bluetooth host access to low level 
function of the Bluetooth node. Low level functions include, 
but are not limited to, con?guration of functions, setting of 
parameters, reading of parameters and real-time data, 
enabling, disabling, initiating and terminating functions. For 
more information regarding the HCI the interested reader 
should refer to Bluetooth Core 1.0b the speci?cation of the 
Bluetooth system published by the Bluetooth Special Inter 
est Group, the entire disclosure of which is herein expressly 
incorporated by reference. 

[0021] As discussed above, the particular hop sequence 
for a piconet is 5555 based upon the address of the master 
node, and the phase of the hopping sequence is based on the 
clock of the master node. However, every Bluetooth node 
operates according to its own free running clock, i.e., the 
clocks between Bluetooth nodes, including the clocks of a 
master node and a corresponding slave node, are not syn 
chroniZed. So that a master node and a slave node operate in 
synchrony, the slave node maintains an offset value which is 
equal to the offset between the master node’s clock and the 
slave node’s clock. If a slave node is a member of more than 
one piconet, the slave node stores an offset value between its 
clock and the clock of a master node in each piconet in 
which the slave node participates. The accuracy of the offset 
should not eXceed :10 us, and it can be updated at every 
transmission from a master node. To participate in any one 
particular piconet, the slave node can determine the phase of 
the frequency hopping sequence of the particular piconet by 
determining a value which is equal to the slave node’s own 
clock value minus the offset from the master node’s clock 
value. 

[0022] The clock of a Bluetooth node operates on a cycle 
between 0 and (228-1). Accordingly, the clock of a Blue 
tooth node can at a given time have a value between 0 and 
(228-1), totally independent of the values of clocks of 
neighboring connected nodes. The clock of a Bluetooth node 
is also stepped independently of the clocks of neighboring 
connected nodes, i.e., the instants when the clock of one 
node is stepped is not necessarily aligned with the stepping 
of clocks of any other node. Further, the frequency of the 
clock of a particular Bluetooth node will drift independently 
of the clocks of other Bluetooth nodes. However, the maXi 
mum allowed drift of any particular node’s clock is :20 
parts per million Accordingly, when the clock of any 
particular node is compared to the clock of another node, the 
mutual drift between the nodes’ clocks may be between 0 
and :40 ppm. 
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[0023] It will be recogniZed that the timing characteristics 
for a message being forwarded between two nodes through 
a scatternet is heavily dependent on the inter-piconet sched 
uling algorithm selected. Although there are many different 
types of inter-piconet scheduling algorithms which can be 
selected, the common properties between these algorithms 
are summariZed to highlight the problems encountered when 
trying to synchroniZe two nodes which are more than one 
hop away from each other and when attempting to convey 
accurate timing information between nodes in a scatternet. 

[0024] Since a forwarding node can only actively partici 
pate in one piconet at a time, the forwarding node has to 
switch its presence between the piconets if the node is to 
forward traffic between piconets. Accordingly, streaming of 
information between piconets is not possible. Since infor 
mation cannot be streamed between piconets, a delay is 
introduced with each hop that the information traverses. This 
delay is dependent upon the frequency of piconet switches 
and to a lesser eXtent on the siZe of the buffers in the 
forwarding node. The lower the frequency of switches 
between piconets, the longer a delay is introduced into the 
forwarding of the information. 

[0025] Additionally, there is a delay involved with each 
piconet switch in terms of lost time slots. Since the clocks 
of the master nodes of different piconets are not synchro 
niZed, a forwarding node will lose at least one frame every 
time the node switches between piconets. The relative 
overhead resulting from the piconet switching increases with 
the switching frequency. Accordingly, it can be seen that 
there is a trade-off between delay and overhead. 

[0026] The amount of time a particular forwarding node 
spends in any particular piconet will vary depending upon 
traffic load, the number of piconet memberships for the 
forwarding node, and the number of nodes in each piconet. 
Further, different forwarding nodes may employ different 
inter-piconet scheduling algorithms, with a standardiZed 
interface. Regardless, the delay in every forwarding node, in 
addition to the accumulated delay of other nodes in the route 
between a source and destination node, will at a minimum 
be a couple of frames, but may be on the order of tens or 
even hundreds of frames. 

[0027] Since the clocks of two Bluetooth nodes connected 
to the same scatternet are unsynchroniZed and slowly drift 
compared to each other, and since the time required to 
transfer a message across multiple piconets between a 
source node and a destination node is almost completely 
unpredictable, it is very difficult to synchroniZe a source and 
destination node which are more than a few hops from each 
other. Further, it is difficult to convey accurate timing 
between a source and destination node which are more than 

a few hops away from each. Such accurate timing informa 
tion would be useful, for eXample, to enable accurate 
scheduling of a PAGE procedure in order to establish a 
direct connection between two remote nodes, i.e., nodes 
with at least one intermediate node in the route, desiring to 
communicate with each other. Accordingly, it would be 
desirable to provide methods and apparatus for synchroniZ 
ing two nodes in a scatternet and to convey accurate timing 
information between two nodes in a scatternet. 
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SUMMARY 

[0028] These and other problems, drawbacks and limita 
tions of conventional techniques are overcome according to 
the present invention. 

[0029] The present invention generally involves a node by 
node accumulation of clock offsets betWeen each pair of 
adjacent nodes in a route betWeen a source node and a 
destination node. In general, the offset betWeen the clock of 
a slave node and the clock of its master node is alWays 
knoWn by the slave node in order to synchroniZe the slave 
node’s transmissions and receptions With the master node. 
HoWever, the master node does not maintain this offset 
information. Accordingly, the present invention relies upon 
offset calculations performed by slave nodes in the route 
betWeen the source node and the destination node, including 
the end nodes if they are slave nodes. Only if a master node 
is also a slave node in another piconet, and this slave node 
is a part of the route, does the master node perform the offset 
calculations. 

[0030] The offsets are accumulated by a message that is 
passed along the route from the source node to the destina 
tion node. Each node Which is a slave node With respect to 
another node in the route, receiving the message calculates 
its oWn relevant offset, if any, With respect to the node or 
nodes in the route Which is a master of the slave node. An 
offset betWeen the slave node and a master node is added, by 
the slave node, to the accumulated offset in the message if 
the slave node received the message from the master node, 
and an offset betWeen the slave node and a master node is 
subtracted from the accumulated offset in the message if the 
slave node is to forWard the message to a master node. After 
any offsets have been added or subtracted from the accu 
mulated offset in the message, the message is forWarded to 
the next node in the route. When the message reaches the 
destination node, the message Will include the complete 
accumulated offset betWeen the source and destination 
nodes. The calculation of the accumulated offset of all nodes 
in the route betWeen a source node and a destination node 
provides the offset betWeen the clocks of the source and 
destination nodes. Once this offset is determined the abso 
lute value of the other node’s clock can be calculated by 
subtracting the accumulated offset from the node’s oWn 
clock value. The absolute clock value can then be used as a 
time reference. 

[0031] In accordance With one aspect of the present inven 
tion, a method for synchroniZing a source node and a 
destination node in an ad-hoc netWork is provided. A mes 
sage is transferred from the source node to the destination 
node over a route betWeen the source and destination nodes. 
The message is received by each node in the route. An offset 
in the message is accumulated as the message is forWarded 
through the route, Wherein Whether the accumulation is 
performed by a particular node in the route is based on a 
relationship betWeen the particular node and either a node 
from Which the message is received, or a node to Which the 
message is forWarded by the particular node. Each node in 
the route forWards the message to a next node in the route 
betWeen the source and destination nodes. The destination 
node determines an offset With respect to the source node. 
The source node and the destination node synchroniZe using 
the offset determined by the destination node. 

[0032] In accordance With another aspect of the present 
invention, a netWork is provided. The netWork includes a 
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source node Which generates a message and transmits the 
message in a route betWeen the source node and a destina 
tion node. The netWork also includes at least one interme 
diate node in the route betWeen the source and destination 
nodes, Wherein an offset is accumulated in the message as 
the message is transmitted in the route betWeen the source 
node and the destination node, Wherein Whether accumula 
tion is performed by the at least one intermediate node based 
on a relationship betWeen the at least one intermediate node 
and either a node from Which the at least one intermediate 
node received the message, or a node to Which the at least 
one intermediate node is to forWard the message. The 
destination node determines an offset relative to the source 
node using the offset accumulated in the message and 
synchroniZes With the source node using the offset deter 
mined by the destination node. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The objects and advantages of the invention Will be 
understood by reading the folloWing detailed description in 
conjunction With the draWings in Which: 

[0034] 
[0035] FIG. 2 illustrates an exemplary star-topology net 
Work; 
[0036] FIG. 3 illustrates an exemplary scatternet formed 
by a plurality of piconets; 

[0037] FIG. 4 illustrates a conventional FHS Bluetooth 
packet; 
[0038] FIGS. 5A and 5B respectively illustrate the pro 
tocol layers of the current Bluetooth protocol and of an 
Internet Protocol compatible Bluetooth protocol; 

[0039] FIG. 6 illustrates the relationship betWeen the HCI 
and other components of a Bluetooth node; 

[0040] FIG. 7 illustrates an exemplary scatternet for syn 
chroniZing tWo nodes of the scatternet in accordance With 
exemplary embodiments of the present invention; 

[0041] FIG. 8 illustrates an exemplary method for a 
source node in accordance With one embodiment of the 

present invention; 

FIG. 1 illustrates an exemplary piconet; 

[0042] FIG. 9 illustrates an exemplary method for a node 
betWeen a source and destination node in accordance With 
one embodiment of the present invention; 

[0043] FIG. 10 illustrates an exemplary method for a 
destination node in accordance With one embodiment of the 
present invention; 

[0044] FIG. 11 illustrates the ambiguity Which can arise 
When transferring a point in time betWeen a source and 
destination node; 

[0045] FIG. 12 illustrates an exemplary method for a 
source node in accordance With another embodiment of the 
present invention; 

[0046] FIG. 13 illustrates an exemplary method for a node 
betWeen a source and destination node in accordance With 
another embodiment of the present invention; and 

[0047] FIG. 14 illustrates an exemplary method for a 
destination node in accordance With another embodiment of 
the present invention. 
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DETAILED DESCRIPTION 

[0048] The present invention is directed to ad-hoc net 
Works. More particularly, the present invention is directed to 
synchronizing and conveying accurate timing information 
betWeen tWo nodes of a scatternet. 

[0049] In the following description, for purposes of expla 
nation and not limitation, speci?c details are set forth, such 
as particular sequences of inter and intra netWork signaling, 
types of messages, etc. in order to provide a thorough 
understanding of the present invention. HoWever, it Will be 
apparent to one skilled in the art that the present invention 
may be practiced in other embodiments that depart from 
these speci?c details. In other instances, detailed descrip 
tions of Well-knoWn methods, devices, and netWork ele 
ments are omitted so as not to obscure the description of the 
present invention. 

[0050] The present invention can synchroniZe and convey 
timing information betWeen tWo nodes either by employing 
features Which exist in the HCI interface or by employing 
features Which are not currently standardiZed for the HCI 
interface. A description of the present invention employing 
existing features of the HCI interface Will be presented ?rst, 
and a description of the present invention employing 
extended HCI features Will folloW. 

[0051] FIG. 7 illustrates an exemplary scatternet Which 
can convey timing information betWeen tWo nodes in accor 
dance With the present invention. The scatternet illustrated in 
FIG. 7 consists of eleven nodes variously distributed 
throughout three piconets. In FIG. 7, a route betWeen a 
source node S and a destination node D includes, in sequen 
tial order, master node M1, forWarding node F1, master node 
M2, forWarding node F2 and master node M3. Although 
FIG. 7 illustrates the source, destination, and forWarding 
nodes as slave nodes, it Will be recogniZed that this need not 
be the case. Further, although FIG. 7 illustrates a scatternet 
With three piconets and eleven nodes, the present invention 
is equally applicable to any number of piconets consisting of 
any number of nodes. 

[0052] FIGS. 8-10 respectively illustrate exemplary meth 
ods for a source node, an intermediate node and a destination 
node. Although not explicitly indicated in the discussion 
beloW, all offset calculations described in connection With 
FIGS. 8-10 are performed modulo 215. In the calculations 
the offset value returned by the Read Clock Offset Complete 
event, When calculated betWeen a slave node X and a master 
node M, is denoted Offset(X,M). The parameter containing 
the accumulated offset relative to a node Y is denoted 
AccOffset(Y). The total accumulated offset betWeen tWo 
nodes Z and Y is denoted TotAccOffset(Z,Y). 

[0053] FIG. 8 illustrates an exemplary method for a 
source node in accordance With the present invention. Refer 
ring noW to FIGS. 7 and 8, initially, source node S, Which 
is a slave node in the example illustrated in FIG. 7, 
determines Whether it is the master of the ?rst intermediate 
node in the route betWeen the source and destination nodes 
(step 805). If the source node is the master node of the ?rst 
intermediate node (“Yes” path out of decision step 805), then 
the node initialiZes the AccOffset(S), AccDoubleMeanError 
and the Offset counter to Zero (step 815). If the source node 
is not the master node of the ?rst intermediate node (“No” 
path out of decision step 805), as is the case in the example 
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illustrated in FIG. 7, then the source node calculates the 
offset betWeen its clock and the clock of master node M1, 
and sets the accumulated offset equal to the negative of the 

offset, i.e., AccOffset(S)=-Offset(S,M1) (step 810). In 
accordance With the ?rst exemplary embodiment of the 
present invention, the clock offset that is retrievable via the 
current HCI interface is used as the offset betWeen a node’s 
oWn clock and a connected node’s clock. This offset is 

requested using the HCI_Read_Clock-Offset command. If 
the node is a slave node, and consequently the connected 
node is a master node, the offset of the master node’s clock 
is continuously tracked at the baseband layer, and therefore, 
is alWays knoWn by the slave node. The requested offset can 
then be immediately returned in a Read Clock Offset Com 
plete event. 

[0054] It should be noted that the offset retrieved using the 
HCI_Read_Clock_Offset command is not the complete off 
set value. Instead, the offset is bits 2-16, With bit numbers 
starting With the least signi?cant bit 0, of the difference 
betWeen the clock of the slave node and the clock of the 
master node, i.e., CLKSIQVJCLKWSM. This clock sub 
parameter has a granularity of one frame, i.e., 1.25 milli 
seconds, and a cycle of 215=32768 frames, i.e., 40.96 s. This 
cycle Will be herein referred to as CLK16_2 subcycle, as 
compared to the complete clock cycle of 226 frames. Accord 
ingly, the offset value returned in the Read Clock Offset 
Complete event is alWays the offset of the slave node’s clock 
relative to the master node’s clock. 

[0055] Since an error betWeen 0 and 1 frames is added to 
the accumulated error of the accumulated offset for every 
offset betWeen a particular pair of adjacent nodes that is 
added to the accumulated offset, the granularity of one frame 
is a signi?cant limitation to the accuracy of the accumulated 
offset. The error due to this granularity Will alWays be 
negative, i.e., the returned offset Will alWays be less than or 
equal to the real offset, disregarding the up to :10 us 
inaccuracy in the slave node’s continuous tracking of the 
clock offset relative to the master node. Accordingly, the 
present invention compensates for this accumulated error to 
ensure the accuracy of the complete accumulated offset. 

[0056] One method for estimating this error is to add 0.5 
frames, i.e., the mean value of the error range of 0 and 1 
frame, to each accumulated slave-master clock offset. 
Another method for estimating this error is to use a separate 
parameter to accumulate the opposite sign of each accumu 
lated offset. This separate parameter is decreased by one 
When an offset value is added, and increased by one When an 
offset value is subtracted. In accordance With the present 
invention, offset values are added When the slave receives 
the offset accumulation message from a master node (i.e., 
the slave node is located doWnstream relative to its master 
in the route betWeen the source node and destination node), 
and subtracted When the slave node is to forWard the offset 
accumulation message to a master node (i.e., the slave node 
is located upstream relative to its master node). The param 
eter is included in the same message in Which the accumu 
lated offset is stored. When the accumulation is complete, 
the parameter Will contain the net number of added or 
subtracted offsets With the opposite sign, i.e., the double 
mean error of the accumulated offset. The node processing 
the accumulated offset uses this parameter to adjust the value 
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of the accumulated offset to achieve a better accuracy of the 
offset betWeen the source node’s clock and the destination 
node’s clock. 

[0057] To enable calculation of the probability distribution 
of the accumulated error offset value (Which can be used for 
statistical estimations of the accuracy of the offset), an offset 
counter can be used to indicate the number of offset calcu 
lations performed to arrive at the accumulated error offset 
value. The offset counter is included in the message along 
With the accumulated offset. The offset counter is increased 
by one for each offset that is added to the accumulated offset. 
Since the offset counter essentially represents the number of 
hops betWeen the source node and the destination node, if a 
hop count betWeen the nodes is already knoWn, from for 
example, a route request Which preceded the accumulated 
offset request procedure, the offset counter need not be 
implemented. It should be recognized that the offset counter 
parameter is not needed to calculate the accumulated offset 
and is merely used in estimating the accuracy of the accu 
mulated offset. Accordingly, referring again to FIG. 8, the 
source node S, Which is a slave node in the eXample 
illustrated in FIG. 7, sets the accumulated double mean error 
equal to one and the offset counter equal to one, i.e., 
AccDoubleMeanError=1 (step 820) and OffsetCounter=1 
(step 830). After the source node sets the OffsetCounter=1 
(step 830) or after the source node has initialiZed the various 
parameters (step 815), the source node then stores the 
AccOffset(S), AccDoubleMeanError and OffsetCounter 
parameters in an OffsetAccumulationMessage (step 840) 
and sends it to the ?rst intermediate node in the route 
betWeen the source and destination nodes (step 850). 
Although FIG. 8 has been described in connection With the 
eXample in FIG. 7 Where the source node is a slave node 
With respect to the neXt node in the route betWeen the source 
and destination nodes, a source node Which is a master node 
relative to the neXt node in the route betWeen the source 
node and the destination node Would folloW the “Yes” path 
out of decision step 805. 

[0058] FIG. 9 illustrates an exemplary method for a node 
in betWeen a source node and a destination node in accor 
dance With the present invention. Initially, a node receives 
the message (step 910). The node then determines Whether 
it is a master of the piconet of the node from Which the 
message Was received (step 920). If, a node is not a master 
of the piconet of the node from Which the message Was 
received (“No” path out of decision step 920) then the node, 
e.g., forWarding node F1, adds the offset betWeen its clock 
and master node M1’s clock to the accumulated offset in the 
OffsetAccumulation message (step 940), and adds 1 to the 
OffsetCounter and subtracts 1 from the AccDoubleMeanEr 
ror (step 945). 

[0059] If a node determines that it is a master node (“Yes” 
path out of decision step 920) or after the node has added 1 
to the OffsetCounter and has subtracted 1 from the 
AccDoubleMeanError (step 945), then the node determines 
Whether it is a master of the piconet of the neXt node to 
Which the OffsetAccumulation message is being forWarded 
(step 930). If the node is a master of the piconet (“Yes” path 
out of decision step 930), then the node determines Whether 
it has modi?ed any of the parameters received in the 
message (step 935). If the node has not modi?ed any of the 
parameters received in the message (“No” path out of 
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decision step 935), then the node forWards the message to 
the neXt node in the route betWeen the source and destination 
nodes (step 980). 

[0060] If the node is not a master of the piconet of the neXt 
node to Which the OffsetAccumulation message is being 
forWarded (“No” path out of decision step 930) then the 
node subtracts the offset betWeen its clock and master node 
M2’s clock from the accumulated offset (step 950). The 
forWarding node F1 also increments the offset counter by 
one, and adds 1 to the AccDoubleMeanError (step 960). 
After 1 has been added to the offset counter value and 1 has 
been added to the AccDoubleMeanError (step 960) or if the 
node has modi?ed any of the parameters in the message 
(“Yes” path out of decision step 935) then the forWarding 
node F1 stores the AccOffset(S), OffsetCounter and 
AccDoubleMeanError values in the OffsetAccumulation 
Message and forWards the message to master node M2 
(steps 970 and 980). It should be noted that When a node is 
a slave With respect to the node from Which the message Was 
received and With respect to a node to Which the message is 
to be forWarded, the AccDoubleMeanError parameter is 
unchanged because one offset is added for master node M1 
and one offset is subtracted for master node M2, thereby 
eliminating each other’s mean error, i.e., AccDoubleMean 
Error=AccDoubleMeanError-1+1. 

[0061] Master node M2 receives the OffsetAccumulation 
Message (step 910); determines that it is the master of the 
piconet of the node from Which the message Was received 
(“Yes” path out of decision step 920); determines that it is 
the master of the piconet of the neXt node to Which the 
message is to be forWarded (“Yes” path out of decision step 
930); determines that it has not modi?ed any of the param 
eters received in the message (“No” path out of decision step 
935); and forWards the message to the neXt node in the route 
betWeen the source and destination nodes. In the eXample 
illustrated in FIG. 7, forWarding node F2 performs similar 
functions to those described above in connection With for 
Warding node F1 and master node M2 performs similar 
functions to those described above in connection With mas 
ter node M1. 

[0062] FIG. 10 illustrates an eXemplary method for a 
destination node in accordance With the ?rst embodiment of 
the present invention. Initially, the destination node, e.g., 
destination node D of FIG. 7, receives the message (step 
1010). The destination node D, Which is a slave node in the 
eXample illustrated in FIG. 7, determines Whether it is a 
master of the node from Which the message Was received 
(step 1015). If the node is the master node of the node from 
Which the message Was received (“Yes” path out of decision 
step 1015), then the node determines the adjusted total offset 
betWeen the source and destination nodes (step 1050). 

[0063] If the destination node is not the master of the node 
from Which the message Was received (“No” path out of 
decision step 1015), then the node determines the total 
accumulated offset betWeen its clock and the source node’s 
clock by adding its offset relative to the master node from 
Which the message Was received to the accumulated offset, 

i.e., TotAccOffset(D,S)=AccOffset(S)+Offset(D,M3) (step 
1020). The destination node D also subtracts one from the 
AccDoubleMeanError parameter (step 1030) and adds one 
to the offset counter value (step 1040), i.e., TotAccDouble 
MeanError=AccDoubleMeanError-1 and TotOffset 



US 2003/0152110 A1 

Counter=OffsetCounter+1. Using the accumulated offset, 
the destination node determines the adjusted total accumu 
lated offset, to account for the accumulated error. This is 
performed by ?rst subtracting half of the total accumulated 
double mean error (Which is equal to the total accumulated 
mean error) from the total accumulated offset, and then 
multiplying the result by 4. The multiplication by 4 converts 
the unit of the adjusted total accumulated offset from frames 
to the basic unit of the clock, Which is 1A frame (312.5 
microseconds). Thus, the resulting calculations are per 
formed in accordance With the folloWing equation: Adjust 
edTotAccOffset(D,S)=4*TotAccOffset(D,S)-2*TotAc 
cDoubleMeanError (step 1050). 

[0064] The destination node may also perform error cal 
culations to determine the error resulting from the coarse 
granularity in the offset values returned by the Read Clock 
Offset Complete event. One type of error that can be 
calculated is the maximum offset accumulation error EOE? 
setCalcMaX. To determine the maximum offset accumulation 
error Eo?fsetcalclvlax the number of added offsets and the 
number of subtracted offsets are calculated using equations 
(1) and (2) beloW: 

Number of added offsets=(TotOffsetCounter-TotAc 
cDoubleMeanError)/2 (1) 
Number of subtracted offsets=(T0tOffsetCounter+T0— 
tAccDoubleMeanError)/2 (2) 

[0065] Next, the maximum positive offset error and the 
maximum negative offset error are calculated using equa 
tions (3) and (4) beloW: 

M axP0sError=(TotOffsetCounteHTotAccDouble 
MeanError)/2—TotAccDoubleMeanError/Z (3) 
M axN egError=— (T OtOffsetCounter-TotAccDouble 
MeanError)/2—TotAccDoubleMeanError/Z (4) 

[0066] Reducing equations (3) and (4) above results in: 
MaxPosError=T0tOffsetCounter/2 frames; and 

MaxNegError=—T0tOffsetCounter/2 frames. 

[0067] Thus, after subtracting the estimated accumulated 
mean error the maximum offset accumulation error Eo?fset 
carer/13X=iTotOffsetCounter/2 frames. Adjusting the maxi 
mum error for half-slot units results in an adjusted maximum 
offset error of: 

EadjustedO?YsetCalcMax=4*EOfEsectCa1cMax=:2 *Totoffset' 
Counter (5) 

[0068] Although the maximum offset error may occur, it is 
very unlikely that it Will occur. Accordingly, a more valuable 
measure of the error is to determine the percentile probabil 
ity intervals, i.e., the intervals Within Which the error Will be 
With a certain probability. An error interval With a 90% 
probability error Eo?fsetcalcgoq, is more likely to occur. A 
90%-probability-error-interval for an offset accumulation 
calculation involving the TotOffsetCounter can be denoted 
E0Esme1c9O%(TotOffsetCounter). For an accumulated calcu 
lation With the TotOffsetCounter=1, the calculation of the 
90% -probability-error-interval is Eogsetcalcgw, (1)=:0.45 
frames=0.9*Eo?mC CM“ For large TotOffsetCounter values, 
e.g., greater than 15, the error probability distribution can be 
reasonably Well approximated With a normal distribution of: 

[0069] Wherein a is the standard deviation for a single 
offset calculation, Which means that o=1/(sqrt(12))z0.29 
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frames, since the error, after compensating for the mean 
error of 0.5 frames, is uniformly distributed Within the 10.5 
frames. Another approximation, although not realistic in 
practice, is When the TotOffsetCounter value is equal to 20. 
ThisresultsinEo?fsetcaicgo%(20)zz2.12frames=0.212*EOEESet 
CalcMaX. Although not a realistic example in practice, it can 
be noted hoW much smaller the relation of E (20)/ 

_ o?setca1c90% 

EOEfsetCalclE/Iax 15 than EoEfsetCalc9O%(1)/EOEfsetCalcMaX. 
Although it can be seen from the above that the maximum 
error increases linearly With the number of accumulated 
offsets, it Will also be noted that the larger the number of 
accumulated offsets the less probable it is that the real error 
is anyWhere close to the maximum possible error. 

[0070] Since the clock drift error of the source node 
relative to the destination node is insigni?cant compared to 
the accumulated error caused by the 1-frame granularity in 
the value returned by the Read Clock Ofset Complete event, 
the clock drift error can be neglected in the initial calculation 
of the clock offset betWeen the source and destination nodes. 
Further, the drift error cannot be calculated since the time 
used to transfer the OffsetAccumulationMessage from the 
source node to the destination node is unknoWn. HoWever, 
the more time that passes from the calculation of the total 
accumulated offset, the more relevant the drift error 
becomes. The maximum mutual drift betWeen tWo nodes is 
40 ppm. This results in the maximum drift error Ed?ftMaX= 
4*10_5*T, Where T is the time since the OffsetAccumula 
tionMessage Was received, ignoring the unknoWn transfer 
time for the OffsetAccumulationMessage. Accordingly, a 
maximum drift error of 1 frame Would occur every 25000 
frames=31.25 seconds. 

[0071] NoW that the offset betWeen the clocks of a source 
node and destination node has been obtained, the use of this 
offset is described beloW to highlight some practical limi 
tations of the use of the offset and the solutions to these 
limitations in accordance With the present invention. One 
practical limitation of the offset is that it is accumulated 
using only the CLK16_2 subclock instead of the full range 
clock. Accordingly, the absolute time information 
exchanged betWeen nodes cannot be more than one sub 
cycle, or 215-1 frames, in the future. 

[0072] Since the absolute time information is limited by 
one subcycle, an ambiguity may occur With respect to the 
absolute time information received by the destination node. 
This ambiguity problem is illustrated in FIG. 11. In FIG. 11 
the vertical axis represents time. It is assumed that the offset 
betWeen the source node and the destination node has 
already been obtained through an OffsetAccumulationMes 
sage. As illustrated by the loWer “X” on the time axis, a 
message Which refers to a point in time is sent from the 
source node to the destination node. After some transfer 
delay, the message is received by the destination node at a 
time represented by the higher “X” on the time axis. Since 
the absolute time information is limited by the CLK16_2 
subclock, the higher bits of the clock value, i.e., CLK27_17 
have no meaning to the destination node. Accordingly, the 
time information should be expressed using the 17 loWest 
clock bits CLK16_O, i.e., the value that these bits Will have 
in the source node at the referred future point in time. 

[0073] When receiving the time information, the destina 
tion node can easily calculate the value that its oWn CLK16_O 
subclock should, ideally, have at the referred point in time. 
















